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1. INTRODUCTION {#wcc522-sec-0001}
===============

During the late 19th century, the globe was approximately 0.8 °C cooler than during the early 21st century (Hartmann et al., [2013](#wcc522-bib-0058){ref-type="ref"}). However, the warming between this period and the present did not proceed at a constant pace. Multidecadal phases of accelerated warming alternated with phases of slowed warming, the most recent expressions of which were the accelerated warming during the 1990s and the subsequent reduction in the global warming rate (Fyfe et al., [2016](#wcc522-bib-0046){ref-type="ref"}; Medhaug, Stolpe, Fischer, & Knutti, [2017](#wcc522-bib-0089){ref-type="ref"}; Trenberth, [2015](#wcc522-bib-0140){ref-type="ref"}). The ongoing discussion on the causes of that so‐called "hiatus" reveals that decadal variability in the large‐scale climate is still poorly understood, emphasizing the need for a longer‐time perspective on periods of warming and cooling during the transition to the strongly human‐influenced late 20th century climate.

One of the most prominent accelerated warming periods was the "Early Twentieth Century Warming" (ETCW) from the 1890s to the 1940s. This article discusses climate change prior to and during the ETCW, including its causes and the exceptional phenomena that were observed during this extraordinary warming period. The mid‐20th century end to the warming signaled the first period in that century that shows a detectable temperature change outside internal variability over 2--5 decades (e.g., for the trend 1916--1945 \[Hegerl et al., [1996](#wcc522-bib-0066){ref-type="ref"}, [1997](#wcc522-bib-0065){ref-type="ref"}\]), which then re‐emerged in trends ending in the 1990s. The ETCW was followed by a period of slow or no warming until the 1970s, which may have been partly caused by aerosol cooling, and partly by internal variability (see below; as well as Bindoff et al., [2013](#wcc522-bib-0009){ref-type="ref"}; Booth, Dunstone, Halloran, Andrews, & Bellouin, [2012](#wcc522-bib-0011){ref-type="ref"}; Jones et al., [2009](#wcc522-bib-0072){ref-type="ref"}; Undorf et al., [2018](#wcc522-bib-0145){ref-type="ref"}). Data uncertainties are larger prior to the middle of the 20th century (Morice, Kennedy, Rayner, & Jones, [2012](#wcc522-bib-0091){ref-type="ref"}) and are discussed as well.

The ETCW featured a pronounced Arctic warming in the 1920s and 1930s, and embedded in this period were several important climatic anomalies such as Indian monsoon failures in the 1900s (Wang, [2006](#wcc522-bib-0148){ref-type="ref"}; Zhou et al., [2010](#wcc522-bib-0158){ref-type="ref"}), the North American "Dust Bowl" droughts and record‐breaking heat waves in the 1930s (Cook, Miller, & Seager, [2009](#wcc522-bib-0031){ref-type="ref"}; Cowan et al., [2017](#wcc522-bib-0034){ref-type="ref"}; Donat et al., [2016](#wcc522-bib-0040){ref-type="ref"}; Schubert, Suarez, Pegion, Koster, & Bacmeister, [2004b](#wcc522-bib-0118){ref-type="ref"}), the cold European winters of 1940--1942 (Brönnimann et al., [2004](#wcc522-bib-0018){ref-type="ref"}), and the World War II period drought in Australia between 1937 and 1945 (e.g., Verdon‐Kidd & Kiem, [2009](#wcc522-bib-0146){ref-type="ref"}). The European summer droughts and heat waves of the mid and late 1940s (e.g., Sutton & Hodson, [2005](#wcc522-bib-0134){ref-type="ref"}), such as 1947 (Schär et al., [2004](#wcc522-bib-0112){ref-type="ref"}), followed the anomalously cold winters during WWII. These regional climatic anomalies had severe impacts on societies and the environment (e.g., Worster, [1979](#wcc522-bib-0153){ref-type="ref"}), and they are relevant for our understanding of the ETCW.

The ETCW received a lot of prominence from the scientific community even during the period itself (Scherhag, [1939a](#wcc522-bib-0113){ref-type="ref"}). Callendar ([1938](#wcc522-bib-0023){ref-type="ref"}) attributed the warming to atmospheric CO~2~ rise. It was later discussed in the context of long‐term variability (Parker, Jones, Folland, & Bevan, [1994](#wcc522-bib-0100){ref-type="ref"}; Schlesinger & Ramankutty, [1994](#wcc522-bib-0115){ref-type="ref"}) and again in the context of the recent "hiatus" discussion. Limited observational coverage and uncertainties in forcing, particularly by aerosols (Stevens, [2015](#wcc522-bib-0131){ref-type="ref"}), still causes uncertainty in the attribution of the ETCW. The mechanisms involved are starting to reveal themselves as new and improved data products such as reanalyses (Compo et al., [2011](#wcc522-bib-0029){ref-type="ref"}) and reconstructions become available. In this article, we review the scientific understanding of the causes of the ETCW, and of regional climate trends and specific climatic events within this period. We discuss the proposed mechanisms underlying both the 50‐year warming trend and regional anomalies. Finally, we ask what we can learn from this period for our understanding of the interplay of decadal variability and increased greenhouse warming.

The first part of the article discusses the global perspective of observed climatic changes during the ETCW and its causes, followed by a discussion of regional climatic anomalies and extreme events, and conclusions.

2. OBSERVED LARGE‐SCALE CHANGES {#wcc522-sec-0002}
===============================

Our knowledge of climate during the ETCW is mostly based on conventional weather observations at the Earth\'s surface, ship measurements, and some climate proxies, even though data rescue activities now aim at complementing the global climate record in this time period (Allan et al., [2011](#wcc522-bib-0004){ref-type="ref"}). Data coverage is further hampered by the two World Wars. Sea ice information is important, but limited in coverage. Oceanic data are equally sparse and sea‐surface temperatures (SSTs) are subject to biases, such as those the 1940s (Kennedy, Rayner, Smith, Parker, & Saunby, [2011](#wcc522-bib-0074){ref-type="ref"}; Thompson, Kennedy, Wallace, & Jones, [2008](#wcc522-bib-0136){ref-type="ref"}).

Figure [1](#wcc522-fig-0001){ref-type="fig"} shows globally averaged anomalies of near‐surface air temperature over land and SSTs over oceans from HadCRUT4 and a proxy‐based global scale reconstruction (Crowley et al., [2014](#wcc522-bib-0038){ref-type="ref"}). Other global temperature datasets show very similar changes (Hartmann et al., [2013](#wcc522-bib-0058){ref-type="ref"}). All show an overall warming pattern robust to data uncertainty, but with clear phases of accelerated warming from 1900 to the 1940s and from the 1970s to 2000s, a stagnation from the 1940s to the 1970s, and a slowdown in warming from 2000 to about 2013. A period of anomalously cold conditions at the beginning of the ETCW period is particularly pronounced in sea surface temperatures (Figure [1](#wcc522-fig-0001){ref-type="fig"}b). Estimates of the uncertainty in a single dataset are visible but not large (Morice et al., [2012](#wcc522-bib-0091){ref-type="ref"}; see Figure [1](#wcc522-fig-0001){ref-type="fig"}), and simulations that contribute to the Coupled Model Intercomparison Project Phase 5 (CMIP5)'s multi‐model ensemble reproduce many of the key observed features. Figure [1](#wcc522-fig-0001){ref-type="fig"} compares climate models and observational data over the regions where observations are available, and uses a combination of SSTs over ocean and near‐surface air temperature over land in both models and data in order to reduce biases in model‐data comparisons (Cowtan & Way, [2014](#wcc522-bib-0036){ref-type="ref"}). A truly global average of temperature would in addition be affected by missing data, particularly in the Arctic (Karl et al., [2015](#wcc522-bib-0073){ref-type="ref"}). Even fairly recently, an inhomogeneity of SST data, caused by changing contributions by different shipping fleets, has been detected and corrected (Kennedy et al., [2011](#wcc522-bib-0074){ref-type="ref"}), while other inhomogeneities are likely still present, which may lead to an overestimate of the unforced component of the ETCW (Chan & Huybers, [n.d.](#wcc522-bib-0024){ref-type="ref"}). In addition, there are remaining biases in land temperature data, such as summer temperature biases preceding the widespread use of the Stevenson screen (Auchmann & Brönnimann, [2012](#wcc522-bib-0006){ref-type="ref"}; Brunet et al., [2011](#wcc522-bib-0021){ref-type="ref"}) which may lead to an overestimation of summer temperatures prior to the second half of the 20th century. Processing techniques such as gridding methods are less important, since using different statistical approaches lead to very similar global mean temperatures (Rohde et al., [2013](#wcc522-bib-0109){ref-type="ref"}).

![Mean surface temperature over (a) land, (b) ocean (sea surface temperatures), and (c) global (combined land + ocean) in observations (mean: black; gray lines: possible realizations given uncertainty \[Kennedy et al., [2011](#wcc522-bib-0074){ref-type="ref"}; Morice et al., [2012](#wcc522-bib-0091){ref-type="ref"}\]), CMIP5 multimodel mean simulations with all historical forcings (thick red line: average and thin lines: individual simulations) relative to an average over the full period. All model data are masked to observational coverage, and for combined land and sea a blend of surface air temperatures and sea surface temperature is calculated following Cowtan and Way ([2014](#wcc522-bib-0036){ref-type="ref"}). (d) Residual variability for land and sea blend after subtracting the multimodel mean forced component, compared to 5--95% uncertainty ranges of multimodel control simulations (Method and models used the same as in Schurer et al., [2018](#wcc522-bib-0120){ref-type="ref"}). The blue line in panel (c) shows a global proxy‐based reconstruction (Crowley, Obrochta, & Liu, [2014](#wcc522-bib-0038){ref-type="ref"}) and the pink bar highlights the ETCW](WCC-9-na-g011){#wcc522-fig-0001}

Support for the large‐scale temperature record during the past 150 years comes from recently constructed, noninstrumental global temperature index based on proxies (Anderson et al., [2013](#wcc522-bib-0005){ref-type="ref"}; Crowley et al., [2014](#wcc522-bib-0038){ref-type="ref"}), and other proxy reconstructions of Northern Hemispheric temperatures that also show the early 20th century as a pronounced period of warming (see Figure [1](#wcc522-fig-0001){ref-type="fig"}c). Thus, although there may be remaining uncertainties on the exact temperature the ETCW started from, and peak temperatures during it, the early 20th century showed robust global warming.

The spatial pattern of warming (Figure [2](#wcc522-fig-0002){ref-type="fig"}) is less well resolved in many regions of the world than the recent warming, with many key regions missing or only covered by sporadic measurements, for example, the tropical Pacific and much of the Southern Hemisphere, as well as the African interior, South America, and Asia (Figure [2](#wcc522-fig-0002){ref-type="fig"}). Nevertheless, many robust features emerge: in the HadCRUT4 annual and seasonal mean surface air temperature, the warming over the first four decades of the 20th century appears particularly prominent over high latitudes of Europe, the Atlantic and over the northern North Pacific and Canada (the warming from 1901 to 1951, used in the attribution analysis, is similar in pattern although with slightly less pronounced anomalies, Figure [S1; Figure S2](#wcc522-supitem-0001){ref-type="supplementary-material"} for model fingerprints). Unusual early warmth in the Arctic occurred as early as 1918, discussed further below. There is also a remarkably strong temperature trend over the Atlantic, peaking in the midlatitudes, near the equator and the far North, while parts of Eurasia are neutral or cooling. This trend is particularly pronounced in boreal summer. The ETCW pattern is distinctly different from the widespread warming pattern over the entire 20th century (Hartmann et al., [2013](#wcc522-bib-0058){ref-type="ref"}) in both the boreal cold and warm seasons. The latter strongly resembles the expected fingerprint of greenhouse warming with stronger warming over land than oceans, and enhancement in the Arctic (Bindoff et al., [2013](#wcc522-bib-0009){ref-type="ref"}; Brönnimann, [2009](#wcc522-bib-0012){ref-type="ref"}).

![Spatial maps showing decadal temperature trends for boreal cold (a, November--March) and warm season (b, April--October) for the early 20th century (1901--1940) in HadCRUT4 (Morice et al., [2012](#wcc522-bib-0091){ref-type="ref"}). (c, d) Spatial temperature anomalies from HadCRUT4 after the multimodel mean CMIP5 response to all historical forcings combined has been subtracted based on analysis discussed below. All panels are masked where coverage is too sparse (gray); in panels (a) and (b) where coverage in either the first or second half of the period drops below 30%; in panels (c) and (d) where coverage in any season drops below 30% in either the first or second half of the decade. For details see Supporting information](WCC-9-na-g009){#wcc522-fig-0002}

Precipitation changes over the early 20th century are highly uncertain with only a limited amount of in situ data available over land (see Hegerl et al., [2015](#wcc522-bib-0061){ref-type="ref"}, and references therein) including some island stations that extend back into the early 20th century (Polson, Hegerl, & Solomon, [2016](#wcc522-bib-0102){ref-type="ref"}). Figure [S3](#wcc522-supitem-0001){ref-type="supplementary-material"} shows an estimate of precipitation trends for the 1901--1945 period for the boreal warm (April--September) and cool (October--March) precipitation seasons (Schneider et al., [2014](#wcc522-bib-0116){ref-type="ref"}). Despite high data uncertainty, some features are consistent with changes in precipitation that are expected with warming, namely increased precipitation in the region of the Intertropical Convergence Zone (ITCZ) and in northern high latitudes but decreased precipitation in the outer tropics and parts of the subtropics.

The ETCW was both a period of Arctic warming and Arctic sea ice retreat. This retreat is difficult to document, as early observational data are often infilled with climatology in regions without measurements, leading to a possible underestimation of sea ice retreat during this period. Recent reprocessing adding more ice chart data has made the early 20th century ice retreat more visible and well documented at least in some regions (Titchner, personal communication, 2017; Walsh, Fetterer, Stewart, & Chapman, [2017](#wcc522-bib-0147){ref-type="ref"}), but the limited availability of observations is still problematic (see Fig. 5 in Walsh et al., [2017](#wcc522-bib-0147){ref-type="ref"}). Figure [3](#wcc522-fig-0003){ref-type="fig"} illustrates a substantial reduction of the best‐sampled spring and early summer ice around 1940. Climate models tend to show much weaker sea ice reductions over the ETCW period (H. Titchner and D. Polson, personal communication, September 11, 2017), suggesting that, similar to the Arctic atmospheric warming, the observed retreat is driven at least in part by internal climate variability (Brönnimann et al., [2012](#wcc522-bib-0016){ref-type="ref"}; Wood & Overland, [2010](#wcc522-bib-0151){ref-type="ref"}). This early sea ice retreat period is an important yardstick for the recent ice retreat and ice‐temperature relationships. Hence further processing of old charts and reducing the infilled parts of the sea ice record is vital.

![Anomalies in Arctic Sea ice extent (million km^2^) from Walsh et al. ([2017](#wcc522-bib-0147){ref-type="ref"}) in the months of April through to August relative to the climatology from 1931 to 1960, smoothed with a 10‐year moving average](WCC-9-na-g007){#wcc522-fig-0003}

3. CAUSES AND MECHANISMS OF THE EARLY 20TH CENTURY WARMING {#wcc522-sec-0003}
==========================================================

What caused the long‐term warming from 1900 to 1950? The global temperature rise during the ETCW implies a change in the energy budget of the Earth\'s atmosphere, which in turn suggests either an external forcing (volcanic, solar, greenhouse gases, tropospheric aerosols), changes in clouds, or ocean heat release (Brönnimann, [2015b](#wcc522-bib-0014){ref-type="ref"}). Figure [4](#wcc522-fig-0004){ref-type="fig"} shows that changes in several external forcings over the ETCW could be important, such as: a greenhouse gas increase, a small change in solar irradiance, and a reduction in stratospheric aerosols associated with reduced volcanic activity.

![(Top) Annual mean time series of climate forcings agents: CO~2~ concentrations (from reconstructions \[Yoshimori, Stocker, Raible, & Renold, [2005](#wcc522-bib-0155){ref-type="ref"}\] and Mauna Loa measurements, NOAA), total solar irradiance (TSI; Coddington, Lean, Pilewskie, Snow, & Lindholm, [2016](#wcc522-bib-0028){ref-type="ref"}); note that effective solar forcing of 1 W/m^2^ in TSI translates to ca. 0.175 W/m^2^ when correcting for insulated area and albedo, which is accounted for by using a different scale), as well as estimated forcing from stratospheric and tropospheric aerosols (from NASA/GISS CMIP5). (Bottom) Indices of the Pacific Decadal Oscillation (PDO) and the Atlantic Multidecadal Oscillation (AMO). The AMO index is defined (Trenberth & Shea, [2006](#wcc522-bib-0141){ref-type="ref"}) as the difference in SST averages over the regions (0--60°N, 0--80°W) and (60°S--60°N). The PDO is calculated by projecting the first Empirical Orthogonal Function mode onto the median realization of HadSST3.1.1.0 at 5° resolution (from the Climate Explorer, following Mantua, Hare, Zhang, Wallace, and Francis ([1997](#wcc522-bib-0085){ref-type="ref"})](WCC-9-na-g001){#wcc522-fig-0004}

Solar irradiance slightly increased from about 1900 onward (the period around 1890 is sometimes called the "Gleissberg minimum"), although the magnitude of this increase is uncertain (Coddington et al., [2016](#wcc522-bib-0028){ref-type="ref"}) with an overall forcing estimate shown in Figure [4](#wcc522-fig-0004){ref-type="fig"} of about 0.25 W/m^2^, which is on the large side compared to other estimates (Wang, Lean, & Sheeley Jr, [2005](#wcc522-bib-0149){ref-type="ref"}). The magnitude and pattern of the response to an increase in solar forcing is highly uncertain (Gray et al., [2010](#wcc522-bib-0054){ref-type="ref"}). A detection and attribution analysis of temperature reconstructions of the past centuries suggests a rather small influence of solar variability on hemispheric scales (Schurer, Tett, & Hegerl, [2014](#wcc522-bib-0122){ref-type="ref"}), which, however, does not preclude regional and seasonal effects such as an influence on circulation contributing to cold European winters (Lockwood, Harrison, Woollings, & Solanki, [2010](#wcc522-bib-0082){ref-type="ref"}).

Tropical volcanic eruptions, which were frequent in the 19th century (e.g., Tambora in 1815, and Krakatoa in 1883), became much rarer after the Santa Maria eruption of 1902 and the 1912 Katmai eruption. The relative muting of eruptions between this period and the eruption of Mount Agung in 1963/1964 thus implies a positive forcing, although volcanic emissions during this period are not well known (Neely III & Schmidt, [2016](#wcc522-bib-0095){ref-type="ref"}). Epoch analyses suggest that periods without volcanic forcing show warming as the climate relaxes back into a less volcanically cooled background state (Hegerl, Crowley, Baum, Kim, & Hyde, [2003](#wcc522-bib-0064){ref-type="ref"}; Schurer, Hegerl, Mann, Tett, & Phipps, [2013](#wcc522-bib-0119){ref-type="ref"}), and climate models show long‐term climate change in response to changes in the statistics of eruptions (Gregory, [2010](#wcc522-bib-0055){ref-type="ref"}; Schurer et al., [2014](#wcc522-bib-0122){ref-type="ref"}).

The CO~2~ concentration increased from the beginning of industrialization in the 18th century, continuing to increase over the early 20th century and then accelerating more recently. Since CO~2~ forcing is logarithmic with concentration, early forcing is disproportionally important. Callendar ([1938](#wcc522-bib-0023){ref-type="ref"}) already attributed the ETCW to increased CO~2~ concentration in the late 1930s. Some of the effect of CO~2~ increases should have been counteracted by an increase in anthropogenic aerosols, which were important already over this period (Undorf, Bollasina, & Hegerl, [2018](#wcc522-bib-0144){ref-type="ref"}; Undorf, Polson, et al., [2018](#wcc522-bib-0145){ref-type="ref"}), and alone should have caused a substantial cooling effect. However, even by 1900, reconstructions of hemispheric temperatures show evidence for a detectible warming driven by increases in greenhouse gases, particularly relative to slightly reduced CO~2~ during the Little Ice Age (Abram et al., [2016](#wcc522-bib-0002){ref-type="ref"}; Schurer et al., [2013](#wcc522-bib-0119){ref-type="ref"}) consistent with attribution of a substantial fraction of the ETCW in temperature reconstructions to greenhouse gas increases (Schurer et al., [2013](#wcc522-bib-0119){ref-type="ref"}). This is in addition to the warming over much of the 19th century that was driven by the recovery from an active volcanic period early in that century (Brönnimann & Krämer, [2016](#wcc522-bib-0017){ref-type="ref"}; Raible et al., [2016](#wcc522-bib-0103){ref-type="ref"}).

A further possible contributor to the ETCW is decadal variability in the climate system. Figure [2](#wcc522-fig-0002){ref-type="fig"} shows that the ETCW involves pronounced SST anomalies; with anomalously warm Atlantic temperatures both in the boreal cool and warm season; and more neutral land temperatures on average (where covered). The pronounced Atlantic warming can be interpreted in terms of shifts in multidecadal oceanic or coupled variability modes (see Hartmann et al., [2013](#wcc522-bib-0058){ref-type="ref"}), most notably the Atlantic Multidecadal Oscillation (AMO; Schlesinger & Ramankutty, [1994](#wcc522-bib-0115){ref-type="ref"}). The AMO is usually described as the smoothed basin‐averaged SST anomalies in the North Atlantic, although its physical mechanism is not fully clear. It has been suggested that the AMO expresses the strength of the meridional overturning circulation of the Atlantic Ocean (Knight, Allan, Folland, Vellinga, & Mann, [2005](#wcc522-bib-0077){ref-type="ref"}; McCarthy et al., [2015](#wcc522-bib-0087){ref-type="ref"}). Model studies on the other hand suggest that many features of the AMO can be reproduced without a dynamic ocean (Clement et al., [2015](#wcc522-bib-0027){ref-type="ref"}; Srivastava & DelSole, [2017](#wcc522-bib-0129){ref-type="ref"}). While some authors emphasize an effect of AMO‐related SST anomalies on the atmosphere (Gastineau & Frankignoul, [2015](#wcc522-bib-0048){ref-type="ref"}), many recent studies emphasize the atmosphere as a driver (Häkkinen, Rhines, & Worthen, [2011](#wcc522-bib-0056){ref-type="ref"}), or portray a "delayed‐oscillator"‐type coupled mode (Sun, Li, & Jin, [2015](#wcc522-bib-0133){ref-type="ref"}). With respect to forcings, the AMO appears to be partly driven by external forcing (Faurschou Knudsen, Jacobsen, Seidenkrantz, & Olsen, [2014](#wcc522-bib-0044){ref-type="ref"}), including possibly aerosol forcing (Booth et al. ([2012](#wcc522-bib-0011){ref-type="ref"}), although this has been questioned (Zhang et al., [2013](#wcc522-bib-0156){ref-type="ref"}), as well as to volcanic (Otterå, Bentsen, Drange, & Suo, [2010](#wcc522-bib-0098){ref-type="ref"}) and solar forcing (Malik, Brönnimann, & Perona, [2017](#wcc522-bib-0083){ref-type="ref"}). This complicates attribution of observed change to forcing or internal variability.

There is also evidence for a role of the Pacific Decadal Oscillation (PDO, Mantua et al., [1997](#wcc522-bib-0085){ref-type="ref"}) during some of the ETCW (Tokinaga, Xie, & Mukougawa, [2017](#wcc522-bib-0139){ref-type="ref"}), although data coverage is not great and uncertainties are substantial (see Fig 2 in Tokinaga et al. ([2017](#wcc522-bib-0139){ref-type="ref"}). The PDO is here defined as the leading mode of North Pacific SST anomalies North of 20°N (Mantua et al., [1997](#wcc522-bib-0085){ref-type="ref"}), and is related to the decadal realization of the El Niño‐Southern Oscillation (ENSO; Zhang, Wallace, & Battisti, [1997](#wcc522-bib-0157){ref-type="ref"}; Cai, van Rensch, Cowan, & Sullivan, 2010) and probably describes a combination of processes, some of which operate on different time scales (Newman et al., [2016](#wcc522-bib-0096){ref-type="ref"}).

The PDO and AMO indices both increased during the ETCW (Figure [4](#wcc522-fig-0004){ref-type="fig"}, bottom panel), and remained elevated, peaking in the early 1940s. The AMO index increased sharply in the 1920s, peaked around 1930 yet remained high in the 1940s. Thus, the period of the ETCW coincides with upward trends in both modes. From observations alone it is difficult to determine the role of these decadal modes on climatic anomalies during the ETCW due to the short record, although there is evidence that both PDO and AMO contribute to phenomena observed during the ETCW, such as the US drought in the 1930s (McCabe, Palecki, & Betancourt, [2004](#wcc522-bib-0086){ref-type="ref"}).

4. ATTRIBUTION OF EARLY 20TH CENTURY WARMING {#wcc522-sec-0004}
============================================

Detection and attribution studies are used to disentangle the effect of external forcings on observed climate by quantifying the fingerprint of responses to each of the forcings relative to each other and internal variability (Bindoff et al., [2013](#wcc522-bib-0009){ref-type="ref"}), including multidecadal variability (which is, at least to some extent, simulated in climate models \[Flato et al., [2013](#wcc522-bib-0045){ref-type="ref"}\]). Attribution studies analyzing the entire instrumental record have indicated that some of the large‐scale observed warming in the early 20th century exceeds what is expected from internal climate variability and was forced (Bindoff et al., [2013](#wcc522-bib-0009){ref-type="ref"}; Gillett, Arora, Matthews, & Allen, [2013](#wcc522-bib-0050){ref-type="ref"}; Hegerl et al., [1996](#wcc522-bib-0066){ref-type="ref"}, [1997](#wcc522-bib-0065){ref-type="ref"}; Ribes & Terray, [2013](#wcc522-bib-0104){ref-type="ref"}). However, different analyses emphasize different contributors to the warming (Bindoff et al., [2013](#wcc522-bib-0009){ref-type="ref"}). For example, Shiogama, Nagashima, Yokohata, Crooks, and Nozawa ([2006](#wcc522-bib-0126){ref-type="ref"}) found a contribution from solar and volcanic forcing in the global temperature record, while Hegerl et al. ([2007](#wcc522-bib-0062){ref-type="ref"}) attributed the ETCW in Northern Hemisphere temperature reconstructions to greenhouse gas increases and decrease in volcanic forcing combined with internal climate variability. Others studies emphasize the strong role of internal variability (Delworth & Knutson, [2000](#wcc522-bib-0039){ref-type="ref"}; Ring, Lindner, Cross, & Schlesinger, [2012](#wcc522-bib-0105){ref-type="ref"}), consistent with the observed 1918--1940 warming being significantly greater than that simulated by most of the CMIP3 models (Crook & Forster, [2011](#wcc522-bib-0037){ref-type="ref"}).

Figure [5](#wcc522-fig-0005){ref-type="fig"} illustrates contributions to ETCW based on a recent detection and attribution analysis for the instrumental record (1863--2012). The results suggest that all factors discussed above contributed: anthropogenic forcing, natural forcing, and anomalous climate variability.

![Top panel: Scaling factors, that is, magnitude of model fingerprint consistent with observations for the response to greenhouse gases (red), other anthropogenic factors (blue) and natural factors (solar and volcanic, green) from an analysis of decadal temperatures over 1862--2012. This translates into an estimated contribution to warming 1901--1950 by increases in greenhouse gases, natural forcings, and other anthropogenic forcings compared to the ensemble of HadCRUT observed warming accounting for uncertainty (gray histogram) shown in the middle panel. Dots: Multimodel unscaled best estimate of contribution by forcing. pdfs: Estimated contribution from attribution analysis allowing for up‐ or down‐scaling as long as consistent with observations. Dashed line: Trend from a proxy reconstruction (Crowley et al., [2014](#wcc522-bib-0038){ref-type="ref"}). Bottom panel: Residual warming not explained by forcing (purple pdf) compared to CMIP5 control run trends over 50 years to estimate internal variability (green). All analysis is done with model data masked to replicate the data coverage of observed data, and merging sea surface temperature with air temperature over land (Cowtan et al., [2015](#wcc522-bib-0035){ref-type="ref"}), solid lines show results using an informative prior, dashed lines an uninformative prior. After Schurer et al., 2018](WCC-9-na-g002){#wcc522-fig-0005}

The analysis is conducted by finding a combination of model derived time--space patterns of response to greenhouse gas, other anthropogenic and natural forcing (so‐called fingerprints) that best matches the observations over the entire instrumental period (see Supporting information for more detail). The amplitude of each fingerprint that is consistent with data is estimated as a distribution of "scaling factors" (top panel in Figure [5](#wcc522-fig-0005){ref-type="fig"}), which when multiplied by the raw model results yields a distribution of the contribution of each forcing to the total observed anomaly (middle panel) and a residual variability not explained by forcings (bottom panel; see also Figure [1](#wcc522-fig-0001){ref-type="fig"}, bottom panel and Hegerl & Zwiers, [2011](#wcc522-bib-0063){ref-type="ref"} for more detail). The analysis indicates that both external forcing and internal climate variability contributed to the observed warming, with a strong greenhouse warming contributing substantially to the ETCW, natural forcings contributing as well, and other anthropogenic forcing agents such as aerosols counteracting the warming. The natural signal is, at least in climate model simulations, largely due to a hiatus in volcanic eruptions (see Figure [S4](#wcc522-supitem-0001){ref-type="supplementary-material"}). Overall, about a half (40--54%; *p* \> .8) of the global warming from 1901 to 1950 is estimated to have been forced. Forcings can, however, not fully explain the warming (indicated by the histogram of observed, positive, residual trends, Figure [5](#wcc522-fig-0005){ref-type="fig"}; compare also Figure [2](#wcc522-fig-0002){ref-type="fig"} top panels with Figure S2). Note that the residual from a proxy‐based global reconstruction is much smaller (Crowley et al., [2014](#wcc522-bib-0038){ref-type="ref"}), raising questions if the strong bias of observed data toward the Atlantic sector enhances the residual warming. This residual warming is, however, not extraordinary relative to samples of 50‐year trends in climate models. Figure [5](#wcc522-fig-0005){ref-type="fig"} also shows that there is substantial data uncertainty in the strength of the warming over the data covered part of the globe, indicated in the gray histogram of observed trends. Note that the analysis is conducted utilizing only data covered parts of the globe; and that model SST data are used over ocean and combined with surface air temperature (Cowtan & Way, [2014](#wcc522-bib-0036){ref-type="ref"}) for best comparability with HadCRUT data (see Appendix [S1](#wcc522-supitem-0001){ref-type="supplementary-material"} for more details of the analysis).

5. ROLE OF CLIMATE VARIABILITY AND SEA SURFACE TEMPERATURES {#wcc522-sec-0005}
===========================================================

Given external forcing can only partly explain the ETCW (see above, see also Ting, Kushnir, & Li, [2014](#wcc522-bib-0137){ref-type="ref"}), we now address which modes of variability may have contributed. When removing the multimodel mean of the response to all historical forcings combined (or similar, when removing optimal fitted fingerprints, not shown), a substantial residual variability remains (Figures [1](#wcc522-fig-0001){ref-type="fig"}d and [5](#wcc522-fig-0005){ref-type="fig"}c). This variability is investigated more closely in Figure [6](#wcc522-fig-0006){ref-type="fig"}, showing that there is substantial involvement of both the tropics and extratropics in warming and cooling periods related to decadal climate variability. It also highlights that the ETCW started from a very unusual cold anomaly in the first decade of the 20th century, originating both from tropical and Southern Hemisphere SSTs (Figure [6](#wcc522-fig-0006){ref-type="fig"}). These cool anomalies began in the South Atlantic, with some land datapoints also showing cool conditions, and then spread globally in the subsequent decade (Figure [2](#wcc522-fig-0002){ref-type="fig"}, bottom) leading to cold anomalies in both Atlantic and Pacific (see also Figure [S5](#wcc522-supitem-0001){ref-type="supplementary-material"}). This rarely discussed cold period was followed by strong warming in the Northern Hemisphere, which was particularly pronounced in high latitudes.

![Top panel: Hovmoeller diagram of standardized zonal mean temperature anomalies over land and ocean (top), land only (middle) and sea surface temperature (bottom) after the multimodel mean forced signal, represented by the average of model simulations forced by historical forcing has been subtracted. The diagram is in standard deviation units of zonal mean variability in the data‐covered parts of each zone relative to multimodel interannual variability from control simulations. Data are masked when data coverage for a particular zonal band drops below 10% (shown in gray; see Figure [S6](#wcc522-supitem-0001){ref-type="supplementary-material"} for a version restricted to \>30% coverage)](WCC-9-na-g005){#wcc522-fig-0006}

What mechanisms might be linked to the strong residual warming? Using proxy data, Thompson, Cole, Shen, Tudhope, and Meehl ([2015](#wcc522-bib-0135){ref-type="ref"}), suggested that a PDO warm phase served as a trigger for the ETCW through weaker Pacific Trade winds. This is supported by targeted model simulations (Tokinaga, Xie, Deser, Kosaka, & Okumura, [2012](#wcc522-bib-0138){ref-type="ref"}) and is consistent with several recent studies suggesting that tropical Pacific SSTs play a key role as pacemakers for decadal periods of fast and slow warming (England et al., [2014](#wcc522-bib-0042){ref-type="ref"}; Meehl, Arblaster, Fasullo, Hu, & Trenberth, [2011](#wcc522-bib-0090){ref-type="ref"}; Roberts, Palmer, McNeall, & Collins, [2015](#wcc522-bib-0107){ref-type="ref"}; Schurer, Hegerl, & Obrochta, [2015](#wcc522-bib-0121){ref-type="ref"}). Ocean interbasin energy exchange makes it difficult to attempt to trace the location of heat uptake (Chen & Tung, [2014](#wcc522-bib-0025){ref-type="ref"}; Drijfhout et al., [2014](#wcc522-bib-0041){ref-type="ref"}; Hedemann, Mauritsen, Jungclaus, & Marotzke, [2017](#wcc522-bib-0060){ref-type="ref"}; Lee et al., [2015](#wcc522-bib-0080){ref-type="ref"}). Gaps in data coverage cause higher uncertainty during the early 20th century than for recent periods. Particularly, very little information is available on the Indo‐Pacific and Southern Oceans during that period, and none for the ocean interior.

Several questions arise: to what extent was the Atlantic Ocean driving an anomalous atmospheric circulation contributing to Arctic warming, and to what extent was the atmosphere driving the ocean. While many publications consider the AMO as an internal oceanic mode (Chylek, Folland, Lesins, Dubey, & Wang, [2009](#wcc522-bib-0026){ref-type="ref"}; Knight, [2009](#wcc522-bib-0076){ref-type="ref"}; Tung & Zhou, [2013](#wcc522-bib-0142){ref-type="ref"}), others argue that the SST anomalies in the Atlantic Ocean during the ETCW were largely driven by anomalous atmospheric circulation (Wood & Overland, [2010](#wcc522-bib-0151){ref-type="ref"}), consistent with the idea that atmospheric variability drives decadal ocean‐related variability (Hasselmann, [1976](#wcc522-bib-0059){ref-type="ref"}). Forcing an ocean model with wind fields from the 20th century reanalysis (20CR), Müller et al. ([2015](#wcc522-bib-0093){ref-type="ref"}) reproduced important features (e.g., salinity anomalies) of the North Atlantic Ocean anomalies in the early 20th century, and others find a contribution from the Pacific through a shift in the Aleutian low (Overland & Wang, [2005](#wcc522-bib-0099){ref-type="ref"}) to the Arctic warming and a contribution of the Pacific sector to poleward heat advection into the Arctic particularly during the early phase (1910s and 1920s) of the Arctic warming (Wegmann, Brönnimann, & Compo, [2017](#wcc522-bib-0150){ref-type="ref"}).

Overall, SSTs over both the Atlantic and Pacific sectors are required to reproduce the Arctic warming in recent simulations (Ting et al., [2014](#wcc522-bib-0137){ref-type="ref"}; Tokinaga et al., [2017](#wcc522-bib-0139){ref-type="ref"}). Independent of why the Arctic warmed, most studies also agree that the warming did affect atmospheric circulation by shifting the ITCZ and the entire northern Hadley circulation poleward (Brönnimann, [2015a](#wcc522-bib-0013){ref-type="ref"}; Ting et al., [2014](#wcc522-bib-0137){ref-type="ref"}).

6. CHANGES IN ATMOSPHERIC CIRCULATION {#wcc522-sec-0006}
=====================================

Short‐term climate variability changes the probability of extreme events (Kenyon & Hegerl, [2008](#wcc522-bib-0075){ref-type="ref"}; National Academies of Sciences, Engineering, and Medicine, [2016](#wcc522-bib-0094){ref-type="ref"}) and can both show decadal preferences itself and cause longer‐term changes in slower climate components (Hasselmann, [1976](#wcc522-bib-0059){ref-type="ref"}). Recent reanalysis efforts such as 20CR (Compo et al., [2011](#wcc522-bib-0029){ref-type="ref"}) provide researchers with the means to address the causes of atmospheric circulation changes over the 20th century and the role of SSTs in driving such changes. Figure [7](#wcc522-fig-0007){ref-type="fig"} shows the seasonal mean strength of key circulation indices such as the boreal Hadley cell, its latitudinal position, the Pacific Walker cell, the North Atlantic Oscillation (NAO) and the Arctic Dipole Mode from observations, reconstructions, and two historical reanalyses (20CR version 2c \[Compo et al., [2011](#wcc522-bib-0029){ref-type="ref"}\], and ERA‐20C \[Poli et al., [2016](#wcc522-bib-0101){ref-type="ref"}\]) and from an ensemble of 10 atmospheric climate model simulations from ERA‐20CM (Hersbach et al., [2015](#wcc522-bib-0068){ref-type="ref"}). When the SST driven simulations reproduce the index this indicates a strong driving role for SSTs.

![Annual time series of circulation indices, expressed as anomalies from 1961 to 1990. Shown are series from two reanalyses (20CRv2c, ERA20C), the atmospheric model simulations ERA20CM (10 members; ensemble mean and spread are indicated (Hersbach et al., [2015](#wcc522-bib-0068){ref-type="ref"}) and series based on observations or reconstructions. Shown are the seasonal mean strength of the boreal Hadley cell (the maximum of the meridional mass stream function), its latitudinal position (latitude of the maximum), the Pacific Walker cell (difference in 500 hPa *ω* between the areas \[10°S--10°N, 180--100°W\] and \[10°S--10°N, 100--150°E\]), the North Atlantic oscillation (NAO) and the Arctic dipole mode (here defined as the SLP difference north of 60°N between the western and the eastern hemisphere; after Brönnimann et al. ([2009](#wcc522-bib-0019){ref-type="ref"}) and Brönnimann et al. ([2009](#wcc522-bib-0020){ref-type="ref"}). Additionally, a statistical reconstruction of the Pacific Walker cell is shown (Brönnimann, Stickler, Griesser, Ewen, et al., [2009](#wcc522-bib-0019){ref-type="ref"}; Brönnimann, Stickler, Griesser, Fischer, et al., [2009](#wcc522-bib-0020){ref-type="ref"}) and an observation‐based NAO index based on HadSLP2p data (Allan & Ansell, [2006](#wcc522-bib-0003){ref-type="ref"}). All series are for December--February except Hadley cell position (January--December) and Indian summer monsoon rainfall (June--August, Sontakke et al., [2008](#wcc522-bib-0128){ref-type="ref"}). Colored numbers indicate correlations between the correspondingly colored reanalyses or observations with the ERA20CM ensemble mean (\* and \*\* denote 95 and 99% significance). The purple line for Indian summer monsoon rainfall is based on a reconstruction (Zhou et al., [2010](#wcc522-bib-0158){ref-type="ref"}). Severe and phenomenal droughts (Wang, [2006](#wcc522-bib-0148){ref-type="ref"}) over India are added as circles](WCC-9-na-g006){#wcc522-fig-0007}

The boreal winter Hadley cell appears to have weakened from the 1920s into the 1950s, then strengthened until the late 1990s. However, uncertainties even in the latter signal are large (Hartmann et al., [2013](#wcc522-bib-0058){ref-type="ref"}). The position of the northern tropical belt shifts poleward until the early 1940s, then equatorward until the 1980s (Brönnimann, [2015a](#wcc522-bib-0013){ref-type="ref"}), followed again by a slight poleward shift. For both indices, different data sets agree, and they agree with atmospheric general circulation model (GCM) simulations (Brönnimann, [2015a](#wcc522-bib-0013){ref-type="ref"}), which implies that these changes are consistent with and influenced by SSTs. In fact, from the stronger warming of the Northern Hemisphere relative to the Southern Hemisphere, we expect a poleward shift of the northern Hadley cell.

Dependence on SSTs is also found for the Pacific Walker circulation, which is closely related to ENSO, with interannual variability being more prominent than decadal variability. Individual events such as the 1918/1919 El Niño event (Giese et al., [2010](#wcc522-bib-0049){ref-type="ref"}) or the 1939--1942 El Niño appear prominently in all series, and there is proxy evidence for a decrease of the trade winds over the central equatorial Pacific (i.e., a weakening of the Walker circulation) in the 1910s (Thompson et al., [2015](#wcc522-bib-0135){ref-type="ref"}). This is not inconsistent with the indices displayed, although it is not a prominent feature in Figure [7](#wcc522-fig-0007){ref-type="fig"}. Less frequent El Niño conditions (indicated by a high Walker Circulation index) are found around 1910, in the early 1920s, the 1930s, the 1950s, the 1970s, and the 2000s; these coincide with negative PDO phases (Figure [4](#wcc522-fig-0004){ref-type="fig"}, bottom panel).

The Indian Monsoon, according to a reconstructed Dynamic Indian Monsoon Index was rather strong in the 1880s (Figure [S7](#wcc522-supitem-0001){ref-type="supplementary-material"}, see Zhou et al., [2010](#wcc522-bib-0158){ref-type="ref"}), then dropped into a pronounced minimum from around 1900 to 1915 near the start of the ETCW. This coincides with minimum Indian Monsoon summer rainfall and occurrence of droughts (Figure [7](#wcc522-fig-0007){ref-type="fig"}).

The NAO index was high until the mid‐1920s (Rogers, [1985](#wcc522-bib-0108){ref-type="ref"}), then decreased to the 1960s, followed by a strengthening to the mid‐1990s (Hurrell, [1995](#wcc522-bib-0070){ref-type="ref"}). Hence, during the latter part of the ETCW, the winter circulation over the North Atlantic weakened. This suppressed some of the winter warming that would have occurred otherwise over this time period, and likely also influenced SSTs (Iles & Hegerl, [2017](#wcc522-bib-0071){ref-type="ref"}), hence the NAO downward trend not only does not contribute to the early 20th century warming but slightly counteracted it. Different NAO indices agree well, but are not well reproduced by the SST driven GCM (Scaife et al., [2009](#wcc522-bib-0111){ref-type="ref"}), consistent with a largely atmospheric origin of low‐frequency NAO variability.

Decadal changes are also found in the Arctic Dipole Mode (here shown for the annual mean). The index decreased (note the inverted scale in Figure [7](#wcc522-fig-0007){ref-type="fig"}) from the late 1910s to the 1940s. During the latter part of the ETCW (Grant, Brönnimann, Ewen, Griesser, & Stickler, [2009](#wcc522-bib-0052){ref-type="ref"}; Overland & Wang, [2005](#wcc522-bib-0099){ref-type="ref"}; Wegmann et al., [2017](#wcc522-bib-0150){ref-type="ref"}), positive pressure anomalies over Eurasia contrasted with negative anomalies over North America. This is consistent with a tendency toward warm air advection into the European Arctic and hence Arctic warming. In the 1930s, circulation related to a negative Pacific‐North American (PNA) pattern also allowed poleward transport of warm air masses over the northwestern Pacific (Wegmann et al., [2017](#wcc522-bib-0150){ref-type="ref"}), (see also Figure [S7](#wcc522-supitem-0001){ref-type="supplementary-material"}). A strong positive peak in the PNA then followed in the early 1940s (Ewen, Brönnimann, & Annis, [2008](#wcc522-bib-0043){ref-type="ref"}), which brought warm air toward western Canada and into Alaska, followed by an abrupt drop in the 1950s. Both these circulation anomalies contributed to Arctic warming.

In conclusion, pronounced interannual and, to some extent, decadal atmospheric variability occurred over the ETCW period, including a poleward shift of the northern Hadley cell, and a weakening of the NAO and of the Arctic Dipole Mode. While these circulation anomalies are linked to regional anomalies during portions of the ETCW, none of them provides a strong contribution to the large‐scale warming over the entire ETCW.

7. EXTREME WEATHER AND CLIMATE EVENTS {#wcc522-sec-0007}
=====================================

The ETCW encompasses several prominent climatic anomalies, which have mostly been studied in isolation, but form an integral part of the ETCW. For example, warm North American summer anomalies and Arctic winter anomalies make a large contribution to the early 20th century scale average anomaly (Brönnimann, Stickler, Griesser, Ewen, et al., [2009](#wcc522-bib-0019){ref-type="ref"}; Brönnimann, Stickler, Griesser, Fischer, et al., [2009](#wcc522-bib-0020){ref-type="ref"}). While extreme events are often associated with unique weather systems or local forcings, large‐scale factors such as those discussed above can substantially influence the probability of unusual events (National Academies of Sciences, Engineering, and Medicine, [2016](#wcc522-bib-0094){ref-type="ref"}). For example, greenhouse gas increases have significantly increased the probability of some recent heat wave events (Stott et al., [2016](#wcc522-bib-0132){ref-type="ref"}). It is important to understand the mechanisms and forcing involved in events prior to the middle of the 20th century, since early events provide a test for our understanding of climate change, evaluate the range of extreme events simulated by present climate models, and provide test cases for impacts associated with extreme events. Yet analysis of these early events is still in its infancy. In the following section this review article describes six major climatic anomalies in chronological order, and relates them to large‐scale factors where possible, summarizing in a schematic figure at the end of the article.

7.1. The weak Indian monsoon 1890s--1910s {#wcc522-sec-0008}
-----------------------------------------

The Indian Summer Monsoon rainfall was below normal in the 1890s--1910s (Goswami, Madhusoodanan, Neema, & Sengupta, [2006](#wcc522-bib-0051){ref-type="ref"}; see Figure [7](#wcc522-fig-0007){ref-type="fig"}) consistent with low values in the Dynamic Indian Monsoon index (Figure [S7](#wcc522-supitem-0001){ref-type="supplementary-material"}). A complete monsoon failure (phenomenal drought according to Wang ([2006](#wcc522-bib-0148){ref-type="ref"}), accompanied by a devastating famine) occurred in 1899. Severe droughts affected India also in 1902, and 1905. As a direct result of these events John Eliot, director of the India Meteorological Department, hired Gilbert Walker to analyze (and possibly forecast) monsoon variability. This period of weak monsoons ended after another complete monsoon failure (phenomenal drought) in 1918 and a severe drought in 1920.

These anomalous monsoons are linked to large scale anomalies discussed above. The Indian Summer Monsoon has been shown to be affected by SSTs in the Atlantic (Goswami, Madhusoodanan, Neema, & Sengupta, [2006](#wcc522-bib-0051){ref-type="ref"}; Krishnamurthy & Krishnamurthy, [2016](#wcc522-bib-0079){ref-type="ref"}) and the Pacific. Specifically, decadal phases of monsoon failure in climate model simulations have been found to coincide with phases of negative AMO and concurrent positive PDO (Malik et al., [2017](#wcc522-bib-0084){ref-type="ref"}). The AMO may be linked to the Indian monsoon through changes in the summer NAO and Eurasian temperatures, which affect the meridional temperature gradient over south Asia (Goswami, Madhusoodanan, Neema, & Sengupta, [2006](#wcc522-bib-0051){ref-type="ref"}). The downwelling branch of the Indian Ocean Walker circulation over the Indian subcontinent is strongest when uplift in the tropical west Pacific is strongest, linking to the Walker circulation through the developing phase of ENSO events over the summer. El Niño events with largest SST anomalies near the dateline are more likely to produce a weak Indian monsoon (Krishna Kumar, Rajagopalan, Hoerling, Bates, & Cane, [2006](#wcc522-bib-0078){ref-type="ref"}), although there is considerable variability in the ENSO‐monsoon relationship and the monsoon system itself (Sinha et al., [2015](#wcc522-bib-0127){ref-type="ref"}). SST anomalies in the Indian Ocean during the 1899--1918 period correspond to a positive mode of the subtropical Indian Ocean dipole (Saji, Goswami, Vinayachandran, & Yamagata, [1999](#wcc522-bib-0110){ref-type="ref"}). The monsoon failure around 1900 coincides with a negative phase of the AMO (Figure [4](#wcc522-fig-0004){ref-type="fig"}), which is consistent with the mechanisms outlined above. The PDO phase is more uncertain during this period, although there is evidence to suggest that it may be have been in a weak positive phase (McCabe, Palecki, & Betancourt, 2004). Hence, the weak Indian monsoon in the 1900s perhaps partly reflects the cold Atlantic--Eurasian sector, which is the starting point from which the ETCW then unfolded.

7.2. The warming of the Arctic from the 1910s to the 1940s {#wcc522-sec-0009}
----------------------------------------------------------

After 1918 a pronounced warming started in the northern North Atlantic region (e.g., Yamanouchi, [2011](#wcc522-bib-0154){ref-type="ref"}). In Spitsbergen, the average temperature of the years 1919--1924 was 3 °C higher than in the years 1913--1918 (Grant et al., [2009](#wcc522-bib-0052){ref-type="ref"}). The step‐like temperature increase was noted by contemporary scientists, but no obvious change could be found in the instrumentation or station surroundings, and the change concurred with a decrease of sea ice (Birkeland, [1930](#wcc522-bib-0010){ref-type="ref"}; Scherhag, [1939a](#wcc522-bib-0113){ref-type="ref"}, [1939b](#wcc522-bib-0114){ref-type="ref"}). A recent homogenization (Nordli, Przybylak, Ogilvie, & Isaksen, [2014](#wcc522-bib-0097){ref-type="ref"}) also did not remove the step change. Unlike the recent Arctic warming period, which is strongest near the ground (Grant, Brönnimann, & Haimberger, [2008](#wcc522-bib-0053){ref-type="ref"}), the Arctic warming in the European sector in the 1920s was most pronounced in the rather sparse upper‐air data at 700 hPa (Brönnimann et al., [2012](#wcc522-bib-0016){ref-type="ref"}; Grant et al., [2009](#wcc522-bib-0052){ref-type="ref"}). Temperatures then further increased until the late 1940s, with an interruption in the 1940--1942 period. A rapid transition toward lower temperatures occurred in the late 1940s, and is particularly strong in reanalysis data at 700 hPa in winter (Wegmann et al., [2017](#wcc522-bib-0150){ref-type="ref"}).

The step change in temperature in 1918/1919 coincides with a tendency toward a pressure dipole over the Atlantic Sector that leads to southerly flow into the Arctic (Figure [8](#wcc522-fig-0008){ref-type="fig"}, which is sometimes termed a negative trend in the Barents Oscillation and related to the Arctic dipole discussed above, Figure [7](#wcc522-fig-0007){ref-type="fig"}). This is not only found in reanalysis data sets and reconstructions, but is also reflected in (trace) aerosols in an ice core from Svalbard (Grant et al., [2009](#wcc522-bib-0052){ref-type="ref"}). Spikes in the sulfate concentration in the 1930s point to increased transport of polluted air from central and Western Europe toward the Arctic, in very good agreement with circulation reconstructions, and also increased transport of black carbon aerosols, presumably from North America, to Greenland during the 1910s--1930s (McConnell et al., [2007](#wcc522-bib-0088){ref-type="ref"}).

![Top panel: Time‐height cross section of seasonal‐mean temperature anomalies as a function of pressure and year for the European Arctic in winter. Middle panel: Sulfate concentrations as a function of time from the Lomonosovfonna ice core (Svalbard). Bottom panel: Reconstructed 850 hPa geopotential height anomalies (relative to 1961--1990) for annual means in (left) 1912--1918, (middle) 1919--1929, and (right) 1930--1939 (from Grant et al., [2009](#wcc522-bib-0052){ref-type="ref"})](WCC-9-na-g010){#wcc522-fig-0008}

As discussed in the previous section, the anomalous warming in the European Arctic was arguably related to the warm North Atlantic (see also Fyfe et al., [2013](#wcc522-bib-0047){ref-type="ref"}), and extratropical North Pacific (Tokinaga et al., [2017](#wcc522-bib-0139){ref-type="ref"}), yet the exact role of the atmosphere versus the ocean is unclear. Simulations with coupled climate models support that a large fraction of the Arctic warming is caused by internal climate variability and can occur in large climate model ensembles (Beitsch, Jungclaus, & Zanchettin, [2014](#wcc522-bib-0008){ref-type="ref"}). However, a small part of the Arctic winter warming is also linked to external forcing, particularly anthropogenic forcing (see Figure S2), consistent with Fyfe et al. ([2013](#wcc522-bib-0047){ref-type="ref"}) and attribution results. Feedback mechanisms, such as feedbacks caused by sea‐ice retreat (see Figure [3](#wcc522-fig-0003){ref-type="fig"}) or aerosols on snow (see Figure [8](#wcc522-fig-0008){ref-type="fig"}) may have strengthened the extraordinary warming in the Arctic during the 1920s and 1930s.

7.3. The Dust Bowl droughts and heat waves of the 1930s {#wcc522-sec-0010}
-------------------------------------------------------

In the 1930s, concurrent with the Arctic warming, North America experienced a decadal scale climatic anomaly known as the "Dust Bowl droughts" which were accompanied by intense heat waves (see Figure [9](#wcc522-fig-0009){ref-type="fig"}). These followed prior wetter years, including the Great Mississippi flood of 1927 (Barry, [1997](#wcc522-bib-0007){ref-type="ref"}).

![Record heat waves in the Midwestern United States and the role of spring drought: (a) time evolution of maximum of daily maximum (TXx) and minimum (TNx) temperature averaged over the Great Plains; (b, c) summer heat wave frequency (HWF \[days per summer\]), and (d, e) heat wave amplitude (HWA \[°C\]) averaged over the (left) 1930s and (right) 1950s decade; (f) the summer HWA over the Great Plains, following the 10 driest (orange, average red) and wettest springs (light blue, average dark blue) respectively, calculated from two separate drought indices (standardized precipitation index \[SPI\], and palmer drought severity index \[PDSI\]), taken from all springs and summers over 1920--2012 and compared to a 5--95% range for an average of 1000 sets of 10 randomly sampled springs. The heat wave amplitude in summers following the driest springs is significantly larger than those following random springs. TXx and TNx values are taken from HadEX2 (1901--2010) and GHCNDEX (1951--2016). (Based on data from Cowan et al. ([2017](#wcc522-bib-0034){ref-type="ref"}))](WCC-9-na-g003){#wcc522-fig-0009}

During the 1930s the Midwestern United States (including southern Canada) suffered a decade of drought and intense dust storms that destroyed farmland (Worster, [1979](#wcc522-bib-0153){ref-type="ref"}), contributing, along with the "Great Depression," to the migration of farmers that is described in the novel "*Grapes of Wrath*" by John Steinbeck. Negative precipitation anomalies covered the entire central belt of the United States and reached to the Canadian Plains and to the Pacific Northwest during the 1930s (Schubert et al., [2004b](#wcc522-bib-0118){ref-type="ref"}; Schubert, Suarez, Pegion, Koster, & Bacmeister, [2004a](#wcc522-bib-0117){ref-type="ref"}); although larger ones are reconstructed for periods early in the Last Millennium (Woodhouse & Overpeck, [1998](#wcc522-bib-0152){ref-type="ref"}).

Atmospheric simulations driven with observed SSTs typically reproduce drought conditions over the southern United States, although the location and intensity may vary (Brönnimann, Stickler, Griesser, Ewen, et al., [2009](#wcc522-bib-0019){ref-type="ref"}; Brönnimann, Stickler, Griesser, Fischer, et al., [2009](#wcc522-bib-0020){ref-type="ref"}; Cook et al., [2009](#wcc522-bib-0031){ref-type="ref"}; Cook, Miller, & Seager, [2008](#wcc522-bib-0030){ref-type="ref"}; Schubert et al., [2004a](#wcc522-bib-0117){ref-type="ref"}, [2004b](#wcc522-bib-0118){ref-type="ref"}; Seager, [2007](#wcc522-bib-0123){ref-type="ref"}; Seager, Kushnir, Herweijer, Naik, & Velez, [2005](#wcc522-bib-0124){ref-type="ref"}) and both tropical and extratropical SST anomalies are needed to reproduce the pattern. Additionally, these papers suggest that many atmospheric features are reproduced, such as a decreased southerly inflow of moist air (in accordance with a weakening of the Great Plains Low Level Jet), a continental‐wide mid‐tropospheric ridge, and a 200 hPa geopotential height anomaly pattern similar as in the observation‐based data. Observed SSTs at the time comprise a cooler tropical and North Pacific compared to preceding and following years, concurring with a warm tropical and North Atlantic (Schubert et al., [2004b](#wcc522-bib-0118){ref-type="ref"}; Seager et al., [2008](#wcc522-bib-0125){ref-type="ref"}; Figure [10](#wcc522-fig-0010){ref-type="fig"}) which may both have contributed to the establishment of a circulation pattern that caused a precipitation deficit in the Great Plains.

![Schematic figure of six climatic anomalies during the ETCW. SST anomalies from HadSST1.1, given as annual mean over indicated period relative to the average of the preceding 15 and following 15 years. Mechanisms discussed in the text are shown schematically](WCC-9-na-g008){#wcc522-fig-0010}

However, SSTs alone do not suffice as an explanation. Without land‐surface coupling an atmospheric model did not reproduce a strong drought in their model simulations (Schubert et al., [2004b](#wcc522-bib-0118){ref-type="ref"}), while the inclusion of land degradation (i.e., bare soil) and dust made the simulated drought much more realistic in terms of warmer temperature patterns and greater precipitation deficits (Cook et al., [2009](#wcc522-bib-0031){ref-type="ref"}). Rapid land cover changes prior to the 1930s contributed to new agricultural land being vulnerable to drought and erosion. Land--atmosphere interactions, such as reduced evaporation contributing to a precipitation deficit, and dust forcing heating and stabilizing the atmosphere may have amplified the droughts (Brönnimann, Stickler, Griesser, Ewen, et al., [2009](#wcc522-bib-0019){ref-type="ref"}; Brönnimann, Stickler, Griesser, Fischer, et al., [2009](#wcc522-bib-0020){ref-type="ref"}; Cook et al., [2008](#wcc522-bib-0030){ref-type="ref"}, [2009](#wcc522-bib-0031){ref-type="ref"}; Cook, Seager, & Miller, [2011](#wcc522-bib-0032){ref-type="ref"}; Schubert et al., [2004b](#wcc522-bib-0118){ref-type="ref"}; Seager et al., [2005](#wcc522-bib-0124){ref-type="ref"}, [2008](#wcc522-bib-0125){ref-type="ref"}).

The droughts were also accompanied by extreme heatwaves, with heat records set during the peak years of 1934 and 1936 still standing at the time of writing (Figure [9](#wcc522-fig-0009){ref-type="fig"}a). Given record temperatures, set over a large fraction of the United States (Abatzoglou & Barbero, [2014](#wcc522-bib-0001){ref-type="ref"}), were measured for both daily maxima and minima this was unlikely due to exposure changes or instrumentation biases but a real phenomenon. Heat waves during the 1930s were more frequent and intense than those during the 1950s drought decade (see Figure [9](#wcc522-fig-0009){ref-type="fig"}b--e). In general, heat waves over the North American Great Plains are closely linked to drought (Cowan et al., [2017](#wcc522-bib-0034){ref-type="ref"}); that is, heat waves following dry springs tend to be significantly earlier, hotter, and more frequent than those following average or wet springs (Figure [9](#wcc522-fig-0009){ref-type="fig"}f; note that heat wave frequency (HWF) describes the total number of heat wave days per season, whereas heat wave amplitude (HWA), is the anomaly of the hottest day of the hottest seasonal heat wave) consistent with findings for other regions (Hirschi et al., [2010](#wcc522-bib-0069){ref-type="ref"}; Mueller & Seneviratne, [2012](#wcc522-bib-0092){ref-type="ref"}). Dry springs were hence an important factor during the hottest Dust Bowl summers of 1934 and 1936 (Cowan et al., [2017](#wcc522-bib-0034){ref-type="ref"}). However, the role of SSTs in spring drought specifically is less than clear (Donat et al., [2016](#wcc522-bib-0040){ref-type="ref"}), as are the driving mechanisms of high decadal heat wave activity overall.

Could such heat waves occur again, possibly stronger due to global warming? In order to better understand and quantify the risk of recurrence, or strengthening, of such the damaging heat and drought events we need to better quantify the contribution by SSTs, random and unpredictable atmospheric variability, land surface feedbacks, and land management.

7.4. Global climate anomalies during the 1939--1942 El Niño {#wcc522-sec-0011}
-----------------------------------------------------------

The "Dust Bowl" droughts ended with the onset of a strong El Niño event in the tropical Pacific in 1939/1940. El Niño conditions then predominated for the next 3 years. During this period, global climate anomalies emerged, including cold winters in Europe (see below), warm winters in Alaska, wet springs in central Europe, a drought in Australia and warm conditions in West Antarctica (Steig et al., [2013](#wcc522-bib-0130){ref-type="ref"}). In the stratosphere, total column ozone was extremely high over Europe, the Arctic, North America, and East Asia.

Many of these observed climatic anomalies (including the change in ozone and the cold winters in Europe) could have been contributed to by the strong, long‐lasting El Niño event (Brönnimann et al., [2004](#wcc522-bib-0018){ref-type="ref"}) combined with negative NAO conditions (which could have been made more likely by El Niño\'s imprint in the North Pacific \[Li & Lau, [2012](#wcc522-bib-0081){ref-type="ref"}\]). Planetary wave activity appeared to have increased, weakening the stratospheric polar vortex and increasing poleward transport of ozone.

Because of World War II, and changes in observational coverage and observational practice (in particular SSTs), the data uncertainty is unfortunately rather large in these years. Nevertheless, a recent experimental reanalysis incorporating surface and upper‐air data (Hersbach et al., [2017](#wcc522-bib-0067){ref-type="ref"}) confirmed the anomalies in atmospheric circulation.

Many of the circulation features are also successfully modeled in atmospheric model simulations driven by SSTs. The strong but southward shifted Hadley cell and positive PNA mode are well reproduced, for instance, in ERA‐20CM (Figure [S7](#wcc522-supitem-0001){ref-type="supplementary-material"}). Models typically also produce cold winters in Europe (Brönnimann et al., [2004](#wcc522-bib-0018){ref-type="ref"}), although the effect competes with strong interannual variability (Kenyon & Hegerl, [2008](#wcc522-bib-0075){ref-type="ref"}) and the magnitude in simulations is much smaller than in the observations, implying that internal atmospheric variability contributed significantly to the cold winters in Europe.

7.5. The World War II drought in Australia {#wcc522-sec-0012}
------------------------------------------

Also during the late 1930s and early 1940s drought conditions affected Australia. Dry conditions started in 1937 and worsening during the subsequent years. In January 1939, heat waves and bushfires (known as "Black Friday" fires) had devastating effects on eastern Australia. Drought then worsened during the 1939--1942 El Niño event and persisted through to 1945.

Drought conditions in Australia are generally influenced by ENSO, Pacific Decadal Variability, the Indian Ocean Dipole Mode, and Southern Annular Mode (SAM; Verdon‐Kidd & Kiem, [2009](#wcc522-bib-0146){ref-type="ref"}; see Figure [S7](#wcc522-supitem-0001){ref-type="supplementary-material"}). The strong and extended El Niño event over 1939--1942 might have contributed to worsening the drought conditions, although the World War II drought started and ended during La Niña conditions, whose effect on precipitation might have been offset by the positive PDO (Cai et al., [2010](#wcc522-bib-0022){ref-type="ref"}) and by a positive SAM (Verdon‐Kidd & Kiem, [2009](#wcc522-bib-0146){ref-type="ref"}; note, however, that the SAM indices are very uncertain in these years). A positive SAM is generally associated with a southward shift in cold weather fronts, associated with high precipitation during the austral winter months, leading to drier conditions over southeast Australia (Risbey, Pook, McIntosh, Wheeler, & Hendon, [2009](#wcc522-bib-0106){ref-type="ref"}). Also, relative to the southern Indian Ocean, SSTs northwest of Australia were anomalously cool, depriving southeastern Australian of a tropical moisture source as is often the case during positive Indian Ocean dipole events (Ummenhofer et al., [2009](#wcc522-bib-0143){ref-type="ref"}).

7.6. Drought and hot summers combined with cold winters in Europe in the 1940s {#wcc522-sec-0013}
------------------------------------------------------------------------------

The end of the ETCW is marked by drought conditions in central and southern Europe. Because economies had not yet recovered from World War II, the drought years (most notably 1945 and 1947) had large impacts in Germany and other European countries. The droughts coincide with a peak in the AMO phase (Sutton & Hodson, [2005](#wcc522-bib-0134){ref-type="ref"}; Figure [4](#wcc522-fig-0004){ref-type="fig"}). Atmospheric models reproduce major multidecadal changes in precipitation and temperature over Europe when driven by SSTs (Sutton & Hodson, [2005](#wcc522-bib-0134){ref-type="ref"}), although with unclear signal‐to‐noise ratio due to high atmospheric variability. Simulations also reproduce a tendency toward decreased precipitation in south‐central Europe and an increased frequency of summer anticyclonic situations in the 1940s (Brönnimann, [2015a](#wcc522-bib-0013){ref-type="ref"}). This was also a period of anomalously cold winters, during World War II, linked to anomalously high pressure over the Atlantic/European sector (see Figures [8](#wcc522-fig-0008){ref-type="fig"}, S8, and S9).

The peak of the positive AMO phase was accompanied by the most poleward position of the northern Hadley cell observed during the 20th century (Figure [7](#wcc522-fig-0007){ref-type="fig"}). Central Europe was thus more frequently under the influence of anticyclonic weather (Brönnimann et al., [2015](#wcc522-bib-0015){ref-type="ref"}), leading to summer heatwaves such as the 1947 heat wave which set Swiss records prior to 2003 (Schär et al., [2004](#wcc522-bib-0112){ref-type="ref"}).

The ETCW period ended in the 1940s (Figure [1](#wcc522-fig-0001){ref-type="fig"}). Subsequently, the Hadley cell moved equatorward (Figure [7](#wcc522-fig-0007){ref-type="fig"}) and the Northern Hemisphere (and the Arctic) cooled. During the subsequent decades, warming continued in the Southern Hemisphere, while the Northern Hemisphere cooled into the late 1970s (Hansen, Ruedy, Sato, & Lo, [2010](#wcc522-bib-0057){ref-type="ref"}). While anthropogenic aerosols have been suggested to be responsible for a large fraction of the cooling, internal variability also might have contributed (see Bindoff et al., [2013](#wcc522-bib-0009){ref-type="ref"}).

8. CONCLUSION {#wcc522-sec-0014}
=============

Longer records including recently digitized old records, together with reanalyses and large ensembles covering the entire 20th century provide new and important insight into the climatic anomalies during the early 20th century. These are not only interesting historically, but provide important evidence for events and anomalies that can occur and challenge climate models to explain or at least, sample them. Key events and anomalies include anomalously poor monsoon years around the turn of the century, the rapid Arctic warming into the 1920s, the Dust Bowl drought and heat waves in North America in the 1930s, and, approximately coincident with World War II, drought in Australia, and cold winters and hot summers in Europe in the 1940s (see overview schematic in Figure [10](#wcc522-fig-0010){ref-type="fig"}). These anomalous events occurred during a period of strong global‐scale warming, which can be attributed to a combination of external forcing (particularly, greenhouse gas increases, combined with a hiatus in volcanic events) and internal decadal variability. The exact contribution of each factor to large‐scale warming remains uncertain, largely due to uncertainty in the role of aerosols in the cooling or stabilization of climate following the middle of the 20th century.
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